Introduction
hope to come back in the future.
The paper is organized as follows. Section 2 deals with dim-6 operators, where we build several relations to be used for the demonstration of redundancy of operators in Ref. [16] . In Sec. 3, we perform a systematic search for dim-7 operators in terms of the number of sterile neutrino fields involved, and make a detailed comparison with the operator basis in Ref. [17] . We conclude briefly in the last Sec. 4.
Dimension six operators involving sterile neutrinos
We start with some notational preparations. We introduce for simplicity one sterile neutrino N per generation of the SM fermions (Q, u, d, L, e) although two would be enough to generate two light neutrino masses at the tree level. Without loss of generality, we assume N to be right-handed. The renormalizable Lagrangian is,
where H is the Higgs doublet with the vacuum expectation value v andH i = ε i j H * j , and G A µν , W I µν , B µν are the gauge field strength tensors. M N is the symmetric mass matrix of N and Y u,d,e,N are the Yukawa coupling matrices. C is the charge-conjugation matrix, and D µ is the gauge covariant derivative appropriate for each field which for N is the ordinary partial derivative ∂ µ .
Considering the extended SM as a low energy effective field theory, i.e., νSMEFT, the above Lagrangian will be augmented by a tower of higher dimensional operators,
The final list of operators without involving a sterile neutrino field N, i.e., within SMEFT, is explicitly given in Ref. [1] for dim-5, Ref. [6] for dim-6, and Ref. [10] for dim-7 operators, respectively, while Refs. [13, 14] studied even higher dimensional operators in the Hilbert series approach. In this work, we focus on the additional operators up to dim-7 that involve at least one factor of N. Such dim-5 operators were easily found to be, (NCN)(H † H) and (NCσ µν N)B µν (plus their Hermitian conjugates) [15] , while dim-6 and dim-7 ones were studied previously in Refs. [16] and [17] respectively. But as we will show in this and next section, those dim-6 and dim-7 operators are redundant and in addition the dim-7 operators are incomplete. The work in [16] made a systematic study of dim-6 operators and found 26 operators (without counting Hermitian conjugates of non-Hermitian ones). These operators are listed in Table 1 in two categories according to our result, i.e., the complete and independent 19 operators vs 7 redundant ones. Here we follow as closely as possible the notations for fields and operators in Refs. [3, 10] . That there are only two operators violating baryon number by one unit is also consistent with Ref. [30] . To prove our claim, we will need the following Fierz identities that were derived in [10] based on Refs. [31, 32] : 
where Ψ C L = CΨ L T and anticommutativity of fermion fields has been considered. The identities also hold true on
We first reduce the five redundant operators not involving a derivative as a direct consequence of the above Fierz identities. We attach flavor indices p, r, v, w to fields and operators to show better the shift of flavors:
where the operators on the right-hand side are among the 19 operators in Table 1 , while O prst QNdQ = 0 trivially because of chirality mismatch. To prove the redundancy of the operators involving derivatives, we require the well-known relations
as well as IBP and EoM, so that we can transform them in steps:
Class Operator Symmetry relation Table 2 : Counting of our dim-6 operators involving N for each independent set of flavors. The symbol × indicates absence of flavor symmetry relations for relevant operators. Hermitian conjugated operators are included.
and
where the dots stand for the operators already covered in our basis for νSMEFT. This establishes our claim. The (19 + 12 =) 31 operators covering also Hermitian conjugates of the operators listed in Table 1 can also be counted for each independent combination of fermion flavors. To do so, we have to take into account all flavor symmetry relations in the operators, as shown in the third column of Table 2 . The number of relations is then subtracted when counting independent operators, with the end result being given in the last three columns for general n f generations and for n f = 1, 3 in particular. Note that the operator O NNNN and its conjugate vanish identically when all four Ns are identical at n f = 1. We have also verified this way of counting by working out the Hilbert series by introducing sterile neutrinos into the code of Ref. [14] .
Dimension seven operators involving sterile neutrinos
The dim-7 operators involving sterile neutrinos N can be systematically classified according to the number of N fields:
where ψ can be any SM fermion field, X any gauge field strength, and ϕ ∈ {H,H}. Since all odd-dimensional operators carry lepton (and for some also baryon) number [33] , we can choose uniformly all basis operators to have the same sign lepton number. We start with some trivial observations. First, the operator classes in the set {Nψ, N 2 }⊗{ϕD 3 , D 4 , D 2 X } can be reduced to others with less covariant derivatives by using IBP, EoM, and Fierz identities. Second, it is easy to check that the classes in the set {Nψϕ 4 ,
We are thus left with the following fourteen classes,
which we analyze below one by one.
(
Taking into account U (1) Y and IBP, we are left with two independent operators,
where
C symmetries require that ψ be a singlet lepton e, and then the two ϕs have to be 2 Hs by U (1) Y symmetry. We thus have one operator in this class modulo EoM,
(3) Nψϕ 2 X -The same argument as above yields the unique operator,
(4) NψϕDX -The gauge symmetries imply (ψ, ϕ) = (L, H). Since the fermion bilinear should be in the form of a four-vector, i.e., (NCγ µ L), the covariant derivative can only act on the scalar H to avoid the presence of EoM. Considering X can be a gauge field strength tensor or its dualX µναβ = (1/2)ε µναβ X αβ , we get four independent operators in this class,
(5) N 2 ϕ 4 -This form is uniquely determined to be
(6) N 2 ϕ 2 D 2 -The scalar bilinear can be chosen to be Hermitian. In this case we find two independent operators, while other possible ones can be expressed as a linear combination of them plus EoM operators:
The operator O ND1 was missed in Ref. [17] . (7) N 2 ϕ 2 X -In this class the gauge field strength X can be either B µν or W I µν , but it is not necessary to consider its dual because of Eq. (33):
where the second one was not included in Ref. [17] .
The operators in this class are found to be consistent with the ones given in Ref. [17] , which are renamed as follows,
(9) Nψ 3 D -The gauge symmetries completely determine the fermion field contents in this class. When IBP and EoM are taken into account, we find six different operators which can be chosen as,
The last two operators violate baryon number by one unit. 
(11) N 4 D -This is easy to figure out:
(12) Nψ 3 ϕ -The gauge symmetries can first determine the field contents, and then Fierz identities are used to transform any four-vector fermion bilinear forms to scalar ones. According to this logic, we find thirteen operators,
where the last three violate baryon number by one unit. 
In summary, we find there are 52 dim-7 independent operators containing sterile neutrinos. All these operators carry two units of lepton number, five of which further carry one unit of baryon number, and are thus all non-Hermitian. Compared with the counts in Ref. [17] , we find 16 operators in their list are redundant while the list missed 2 new operators. To see better the difference between this work and Ref. [17] , we make detailed comparison in Tables 3 and  4 . The first two columns in the tables list the classes and operators in [17] but with fields named as in current work. For the class ψ 4 D, we show one, i.e.,
with L/R referring to left/right-handed fields, of the two equivalent structures given in Ref. [17] without loss of generality. The items 9 2 and 10 3 in the second column of Table 4 indicate there are two and three operators respectively according to [17] . But we find one operator is redundant in each case, upon using the Schouten identities:
Such redundant operators are marked with a × in the third column of the tables where we show our list of operators. The symbol = (∼) implies the relevant operator in [17] is identical with ours (up to a constant), while remaining operators without a prefix are either new (O ND1 and O NNW ) or can be made equivalent upon using IBP, EoM, and Fierz identities. We are aware that in most cases the choice of independent operators is not unique. As we stated earlier, our criterion to choose independent operators is to follow as closely as possible the conventions in Refs. [3, 10] and in addition to introduce as few gamma matrices as possible. The latter can be best seen in our choice of operators for the ψ 4 D class in Eqs. (22, 23, 24) (involving one gamma matrix) vs their counterparts in the second column of Table 3 (involving three).
As in the case of dim-6 operators we also count the number of dim-7 operators with independent flavor structures in order to compare with the Hilbert series approach. This count is shown for n f generations of fermions and n f = 1, 3 in the last three columns of Tables 3 and 4. Note that a factor of two has to be attached to all numbers when Hermitian conjugates are included. Our counting has been verified also using the code in [14] . Now we demonstrate redundancy of operators in [17] by a few examples in the classes, ψ 2 H 3 D, ψ 2 HDX , ψ 4 D, ψ 4 H. Consider the three operators in the class ψ 2 H 3 D of Table 3 . They can be expressed in terms of the two independent operators O NL1 , O NL2 plus others in our basis using IBP, EoM, and Schouten identities:
where the dots again stand for the operators obtained by EoM that are already in our basis. We claimed in Table 3 that all operators with a dual field strength in the class ψ 2 HDX are redundant. We show this using the operator Class in [17] Operator in [17] This work [17] and this work. The numbers in the last three columns are to be multiplied by a factor two when Hermitian conjugated operators are counted.
as an example. We need the following well-known identities for the γ-matrix:
The operator is manipulated as follows:
The first term in the last equality is indeed the second operator shown in the ψ 2 HDX class of Table 3 , while the second term is the second operator in the ψ 2 H 2 X class (equal to our O NNB ) multiplied by the Yukawa matrix Y N . Once the redundancy in the ψ 2 HDX class is established, we choose our four independent operators from a different consideration as shown in Eq. (17) . For the class ψ 4 D, we establish some equivalence relations which will make redundancy in Ref. [17] evident. As mentioned earlier, the operators in this class are cast [17] in one of the equivalent forms,
, which may be transformed as follows:
where again the dots stand for the operators obtained through EoM that are already covered in the basis. Because of Eqs. (35,36,37), we have the following equivalence sequence,
(38) From the above equation we conclude there is only one independent structure among the three possible ones that associate R with one of Ls. Considering this we find six redundant operators in this class as shown in Table 3 .
Finally there are five redundant operators in the class ψ 4 H, as they can be transformed into the chosen ones with the same field contents. We take the operator 14 : (LCe C )(N C CN C )H in Table 4 as an example. We attach the flavor 
where the two operators on the right correspond to the operator 15 : (LCN C )(N C Ce C )H, or O † LNeH in our convention with the flavor indices p, r interchanged.
Conclusion
We have made a systematical analysis on the higher dimensional operators up to mass dimension seven in the standard model effective field theory extended with sterile neutrinos. Our study was based on extensive applications of integration by parts, equations of motion, and various Fierz and group identities. We determined the complete and independent set of operators that involve sterile neutrinos, and found that both dimension-six and -seven operators in the previous literature were redundant while two dimension-seven operators were missed. We also counted our operators according to their flavor structures upon taking into account their flavor symmetries, and verified our counting by the Hilbert series approach.
